Processing-Property Relationships in 3D Printed Acrylonitrile Butadiene Styrene by DeBaie, Analise Teresa
Worcester Polytechnic Institute
Digital WPI
Major Qualifying Projects (All Years) Major Qualifying Projects
April 2016
Processing-Property Relationships in 3D Printed
Acrylonitrile Butadiene Styrene
Analise Teresa DeBaie
Worcester Polytechnic Institute
Follow this and additional works at: https://digitalcommons.wpi.edu/mqp-all
This Unrestricted is brought to you for free and open access by the Major Qualifying Projects at Digital WPI. It has been accepted for inclusion in
Major Qualifying Projects (All Years) by an authorized administrator of Digital WPI. For more information, please contact digitalwpi@wpi.edu.
Repository Citation
DeBaie, A. T. (2016). Processing-Property Relationships in 3D Printed Acrylonitrile Butadiene Styrene. Retrieved from
https://digitalcommons.wpi.edu/mqp-all/2670
 Processing-Property Relationships in 3D Printed Acrylonitrile 
Butadiene Styrene  
 
 
 
A Major Qualifying Project  
Submitted to the Faculty of 
WORCESTER POLYTECHNIC INSTITUTE 
In partial fulfilment of the requirements for the 
Degree of Bachelor of Science 
 
 
 
By 
Analise DeBaie  
 
 
Date: 
April 27, 2016 
 
 
 
Report Submitted to:  
 
 
 
 
 
 
 
 
 
 
 
 
Professor Amy Peterson  
Worcester Polytechnic Institute 
 
This report represents work of WPI undergraduate students submitted to the faculty as evidence 
of a degree requirement. WPI routinely publishes these reports on its web site without editorial 
or peer review. For more information about the projects program at WPI, see 
http://www.wpi.edu/Academics/Projects. 
ii 
 
TABLE OF CONTENTS  
TABLE OF CONTENTS ................................................................................................................ ii 
TABLE OF FIGURES .................................................................................................................... ii 
TABLE OF TABLES .................................................................................................................... iii 
CHAPTER 1: Introduction ............................................................................................................. 5 
CHAPTER 2: Background .............................................................................................................. 6 
2.1 Additive Manufacturing Technology .................................................................................... 6 
2.2.1 Acrylonitrile Butadiene Styrene .................................................................................... 9 
2.3 Mechanical Properties and Parameters ............................................................................... 10 
CHAPTER 3: Literature Review .................................................................................................. 12 
CHAPTER 4: Methodology .......................................................................................................... 14 
4.1 Generate Samples for Testing ............................................................................................. 14 
4.2 Characterized the Mechanical Properties of 3D printing Specimens ................................. 16 
4.3.1 Safety Precautions ........................................................................................................ 16 
4.3.2 Industry Standard Mechanical Testing ........................................................................ 16 
4.4 Evaluate Results of Mechanical Testing ............................................................................. 17 
CHAPTER 5: Results & Discussion ............................................................................................. 18 
5.1 Quality of FDM Printed Samples ....................................................................................... 18 
5.2 Flexural Strength Testing .................................................................................................... 20 
5.3 Tensile Strength Testing ..................................................................................................... 25 
CHAPTER 6: Conclusion ............................................................................................................. 29 
CHAPTER 7: Bibliography .......................................................................................................... 30 
APPENDIX ................................................................................................................................... 33 
Types of 3D Printers ................................................................................................................. 33 
Sample Dimensions .................................................................................................................. 34 
Flexural Testing Set Up ............................................................................................................ 35 
Flexural Strength Result Graphs ............................................................................................... 38 
Tensile Testing Apparatus ........................................................................................................ 42 
Tensile Strength Result Graphs ................................................................................................ 44 
 
TABLE OF FIGURES  
Figure 1 - Clogged extruder produces with no filament on the print bed ....................................... 7 
Figure 2 - Common additive manufacturing process7 .................................................................... 7 
Figure 3 - Fused deposition modeling11 .......................................................................................... 9 
Figure 4 - Acrylonitrile butadiene styrene13 ................................................................................... 9 
Figure 5 - Fused deposition modeling build parameters15 ............................................................ 10 
Figure 6 - Failed FDM printed ABS samples ............................................................................... 18 
iii 
 
Figure 7 - Tensile strength dog bone samples layer height 400 μm on the top and 100 μm on the 
bottom ................................................................................................................................... 19 
Figure 8 - Flexural strength standard bar samples layer height 400 μm on the top and 100 μm on 
the bottom ............................................................................................................................. 20 
Figure 9 - Testing apparatus ......................................................................................................... 21 
Figure 10 - Flexural failure of sample 5 at layer height 200 μm .................................................. 22 
Figure 11 – Average of flexural strength at maximum load (MPa) of the four different layer 
heights studied and the standard error .................................................................................. 22 
Figure 12 - Comparison of load verses extension curves of a representative sample from each 
layer height of flexural strength testing ................................................................................ 24 
Figure 13 - Tensile strength testing apparatus .............................................................................. 25 
Figure 14 - Tensile strength sample 5 at layer height of 200 μm ................................................. 26 
Figure 15 - Failed tensile strength at layer height of 100 μm samples 1&5 ................................. 26 
Figure 16 - Average of tensile strength at maximum load (MPa) of the four different layer 
heights studied and the standard error .................................................................................. 27 
Figure 17 - Comparison of load verses extension curves of a representative sample from each 
layer height of tensile strength testing .................................................................................. 28 
Figure 18 - Types of additive manufacturing & characteristics30 ................................................. 33 
Figure 19 - ASTM D638 Type V 29 .............................................................................................. 34 
Figure 20 - Support beam set up ................................................................................................... 35 
Figure 21 - Marking location of support beams............................................................................ 36 
Figure 22 - Marking location of middle support beam ................................................................. 37 
Figure 23 - Flexural strength results of layer height 100 μm ....................................................... 38 
Figure 24 - Flexural strength results of layer height 200 μm ....................................................... 39 
Figure 25 - Flexural strength results of layer height 300 μm ....................................................... 40 
Figure 26 - Flexural strength results of layer height 400 μm ....................................................... 40 
Figure 27 - Top load cell tensile testing........................................................................................ 42 
Figure 28 - Full view of tensile testing apparatus ......................................................................... 43 
Figure 29 - Tensile strength results of layer height 100 μm ......................................................... 44 
Figure 30 - Tensile strength results of layer height 200 μm ......................................................... 45 
Figure 31 - Tensile strength results of layer height 300 μm ......................................................... 46 
Figure 32 - Tensile strength results of layer height 400 μm ......................................................... 46 
 
 
TABLE OF TABLES  
Table 1 - Additive manufacturing technologies.............................................................................. 8 
Table 2 - Mechanical properties of ABS17–19 ................................................................................ 11 
Table 3 - Project Timeline ............................................................................................................ 14 
Table 4 - Sample Specifications ................................................................................................... 15 
Table 5 - Flexural strength data of the four layer heights tested and the standard error .............. 23 
Table 6 - Flexural strength data of the four layer heights tested and the standard error .............. 27 
Table 7 - Flexural strength data at layer height of 100 μm of the 6 samples tested ..................... 38 
Table 8 - Flexural strength data at layer height of 200 μm of the 6 samples tested ..................... 39 
Table 9 - Flexural strength data at layer height of 300 μm of the 6 samples tested ..................... 40 
iv 
 
Table 10 - Flexural strength data at layer height of 400 μm of the 6 samples tested ................... 41 
Table 11 - Tensile strength data at layer height of 100 μm of the 6 samples tested ..................... 44 
Table 12 - Tensile strength data at layer height of 200 μm of the 6 samples tested ..................... 45 
Table 13 - Tensile strength data at layer height of 300 μm of the 6 samples tested ..................... 46 
Table 14 - Tensile strength data at layer height of 400 μm of the 6 samples tested ..................... 47 
5 
 
CHAPTER 1: INTRODUCTION  
The long-term goal of this research is to gain insight into the reasons for variations in 
quality and in physical and mechanical properties of additively manufactured polymers. The 
specific objective of this research project was to explore the impact of layer height on 
mechanical properties. Specifically, the tensile and flexural strength of acrylonitrile butadiene 
styrene prototypes printed using fused deposition modeling were characterized. The research 
approach was to 1) Generate samples for testing; 2) Characterize the mechanical properties of 3D 
printed specimens; 3) Evaluate the results of mechanical testing. The results show that an 
increase in layer height causes voids and discrepancies from the specimens’ original dimensions, 
while decreasing layer height results in increased residual thermal stress, both of which 
negatively impact interlayer adhesion. As a result, an intermediate layer height of 200 𝜇m was 
observed to have the highest tensile and flexural strength.  
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CHAPTER 2: BACKGROUND  
2.1 Additive Manufacturing Technology 
The three-dimensional printing industry has quickly become a sensation over the past few 
years with different types of processes. The pair of terms most used in the industry are additive 
manufacturing and 3D printing. It is common to use these terms interchangeably, but it is 
important to note that they are not strictly equivalent. Additive manufacturing is the process that 
takes a three dimensional computer image and build it layer-wise on a bed by depositing 
material.1 3D printing is a similar, but slightly different process that originated at MIT where an 
inkjet printing piece was used to manufacture a 3D structure.1 As of 2014, 59% of small 
companies and 75% of large companies were using 3D printing.2 Over the next three to five 
years, according to self-reported predictions, 34% of companies will use 3D printing for small, 
specialized products and 13% are likely to use it for manufacture of large pieces.2 
 
3D printing vastly simplifies prototype production, and research suggests that it can also 
be a greener choice.3 According to the work done by Joshua Pearce, a professor of material 
science and engineering at Michigan Technological University, a 3D printer requires 41 to 64% 
less energy to make prototypes.3 The need for multiple machines and transportation of parts is 
reduced when printing complete prototypes with one machine. This will sequentially reduce fuel 
emissions from many machines or the transportation of different parts to the assembly area. 
Certain materials such as polylactic acid (PLA) make additive manufacturing a greener choice 
because they are made from a renewable resource that are more eco-friendly than petroleum-
based plastics.3 In addition, the same machine can be used to produce replacement parts instead 
of multiple machines, also saving energy and resources associated with production of additional 
machines.  
 
Many applications of additive manufacturing that have made a lasting positive impact on 
society. Some of this work done involves the medical industry, specifically with implants, 
hearing aids and prosthetics.4 In addition, there are engine parts, aircraft fuel nozzles, and 
ducting for air circulation being printed by the aerospace industry using additive manufacturing 
of metals.4 Industries believe that the speed and accessibility of prototyping using 3D printing is 
a greener alternative. 3D Printing uses only one machine, compared to current prototyping 
processes that use multiple machines.  
 
However, many challenges still need to be addressed in additive manufacturing. 
Legislation needs to be established to keep pace with the rapidly growing popularity of printing. 
Currently, the laws around the protection of prototyping processes are limited. Roughly 27.8% of 
companies are concerned with the threat additive manufacturing has to intellectual property.2 To 
create protection of intellectual property, CAD drawings may need to be considered to have the 
same caliber as words do to create effective patent laws.5 
 
There are mechanical challenges in additive manufacturing as well. The machine itself 
can break down and cause quality issues that are voids and lack of consistency in the prototypes. 
One form of breakdown stems from polymer residue that can clog a nozzle in the machine. In 
addition, the printer bed where the prototype sits could have malfunctions, like moving while 
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printing is in progress, which will affect the final product. It is important to be wary of these and 
other mechanical challenges in the additive manufacturing process.  
 
 
Figure 1 - Clogged extruder produces with no filament on the print bed 
A significant challenge with additive manufacturing is cohesiveness between design 
programs. The beginning of the process, Computer Aided Design (CAD) software was not 
designed for additive manufacturing, leading to issues with its use. Figure 2 below shows the 
typical process of printing an object. The top barrier in companies adopting additive 
manufacturing processes is the print quality.2 The final product coming out of the printer does 
not consistently have the dimensions created in the CAD software. This problem occurs in the 
transfer of electronic file from one CAD program to the printing preparation software, where the 
file is split into layers and machine code is generated.6  
 
 
Figure 2 - Common additive manufacturing process7 
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A challenge associated with polymers and 3D printers is the discrepancy between the 
properties of the polymer after print. Specifically, the bulk polymer properties are higher than 
reported 3D printed polymer properties. This is caused by the difference in how the polymer is 
treated; when it is extruded into layers there is significantly more chances for failure compared to 
cast parts.  
 
There are a variety of different printing technologies on the market today. Ranging from 
desktop 3D printers that produce jewelry, toys, and small products to industrial sized machines 
that generate finer products ready for sale, the market is ever expanding.4  A few of the different 
printing technologies that are available are listed in Table 1. To see an expanded list of printers, 
please see Figure 18 in the Appendix. 
 
Table 1 - Additive manufacturing technologies 
3D System Resolution 
(Layer Height) 
Material Strength Weakness 
Fused deposition 
modeling8          
~50 μm PCL 
a 
, PP-TCP, 
PCL-HA, PCL- 
TCP 
Good mechanical 
strength; 
versatile in lay-down 
pattern 
design 
High temperature; need to 
produce filament material; 
narrow processing window; 
rigid filament 
Selective laser 
sintering9   
~100 μm PEEK-HA, PCL, 
Metal 
Microposity induced in 
the scaffold enhanced 
range of materials can be 
used; no support structure 
needed; fast processing  
Material must be in powder 
form; high temperature; 
powdery surface finish; 
trapped powder 
Stereolithography10  ~25 μm Photopolymer Quickness, good 
mechanical strength  
High cost; supports must be 
removed manually 
 
For this project the samples that will undergo mechanical testing will be printed using a 
fused deposition modeling (FDM) printer, also known as fused filament fabrication (FFF). S. 
Scott Crump developed this technology. The process deposits polymer in layers of the computer 
aided design model.11 Figure 3 shows an overview of the FDM system. It is heated and liquefied, 
then pushed through a nozzle onto the print bed in a layered pattern. 
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Figure 3 - Fused deposition modeling11 
2.2.1 Acrylonitrile Butadiene Styrene 
Acrylonitrile butadiene styrene (ABS) is a thermoplastic that has multiple applications in 
including LEGOs, automotive finishes, and household and consumer goods.12 ABS is a common 
material used in additive manufacturing because of its dimensional stability, impact and 
chemical resistance, toughness and its amorphous nature, which is useful because it results in a 
material that will soften gradually with increasing temperature.13 For this project, ABS will be 
fed through the FDM system to generate samples. Figure 4 shows the chemical structure of ABS.  
 
 
 
Figure 4 - Acrylonitrile butadiene styrene13 
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2.3 Mechanical Properties and Parameters 
Parameters that are discussed in this project are air gap, raster orientation, build 
orientation and layer height. Air gap is the space between the threads of FDM material.13 A raster 
is a pattern of repeating rectangular parallel lines and in additive manufacturing, raster 
orientation, also known as layer orientation, is the direction of how a layer is printed.14 Build 
orientation is the way that the layer is being printed on the bed. For example, vertical would be 
building most significantly in the Z plane, like building a model of a cat from its feet up. 
Horizontal would be building most significantly in the XY plane, like building a model of a cat 
from the side of its body up. Layer height is the height measurement of each individual layer of a 
printed object. 
 
 
Figure 5 - Fused deposition modeling build parameters15 
The properties that will be tested are flexural strength and tensile strength. Flexural 
strength represents a material’s capacity to withstand fracture while the material experiences 
flexural load, with tension on one face and compression on the other.16 Tensile strength is the 
maximum amount of stress a material can handle before failure can occur when subjected to a 
tensile force.16 These are important properties because they show how a material will behave 
post-production to ensure suitable prototypes. Additionally, since fracture occurs at layer 
boundaries, these strengths are also measurements of interlayer adhesion.  
 
In Table 2, literature values of these mechanical properties of ABS are listed. These 
values can be compared to the findings of this project to evaluate the degree of change that 
occurs when ABS is printed using FDM.  
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Table 2 - Mechanical properties of ABS17–19 
Mechanical Property ABS Value 
Flexural Strength 53.92 – 73.08 𝑀𝑃𝑎  
Tensile Strength 26.41 – 50.06 𝑀𝑃𝑎  
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CHAPTER 3: LITERATURE REVIEW  
ABS is the most common material used in FDM.20 Mechanical characterization has been 
performed to understand both this type of additive manufacturing and the ABS polymer. 
Reviewing the literature determined where the gaps exist in the field’s knowledge base.  
 
The heavily cited article “Anisotropic Material Properties of Fused Deposition Modeling 
ABS” focuses on the mechanical characterization of ABS with varying parameters in the FDM 
process. The two changes in variables that were found to affect tensile strength the most were air 
gap and raster orientation. Four raster orientations were tested: axial (0°), crisscross (45°/-45°), 
cross (0°/90°), and transverse (90°). The axial orientation consistently had the highest tensile 
strength and the smallest increase in strength with change in air gap. The other orientations 
demonstrated a substantial increase in tensile strength when the air gap changed from 0 to -0.003 
inches13. In addition to the tensile strength experiments, build rules are listed that will aid in 
creating higher quality FDM printed ABS including advice on bed width, build orientation, air 
gap, tensile vs. compressive loads, and stress concentrations.  
 
A similar experiment was conducted by Es-Said et al. testing the following five raster 
orientations: 45°/-45°, 0°, 45°, 90°, 45°/0°.21 ABS was printed using FDM and a mechanical 
analysis of tensile strength, modulus of rupture and impact resistance was conducted.21 The 0° 
orientation consistently had the highest values for all mechanical properties tested.21 Tensile 
strength was dependent on the layer orientation because failures occurred between layers, 
suggesting weak interlayer bonding and porosity.21  
 
 Additional research on mechanical properties was conducted using Stratasys’ ABS 
material printed using the FDM 1650 machine.22 When the deposited filament cools and 
solidifies it is referred to as a “road”.22 Roads accumulated side-by-side are known as layers that 
were created in slicing the CAD image.22 Bellini and Güçeri reported that the parameters that 
significantly affected mechanical properties were the orientation of the product with respect to 
the substrate and the way every layer is filled by roads.22  
 
 In a study of anisotropic compressive strength of different additive manufacturing 
techniques, FDM, 3D Printer, and Nano composite deposition system (NCDS) were compared. 
In this study, the 3D Printer used a cartridge that put photopolymers on a platform that was cured 
by UV light. 23 NCDS deposited the polymer resin and a support system, and then removed the 
supports. 24 Test specimens were produced using the typical material for each technique. ABS, 
plaster powder zp102, and 40 wt. % acrylic-hydroxyapatite were used for FDM, 3D Printer, and 
NCDS, respectively. 23 The compressive strength was measured for two build directions for each 
technique. 23 Lee et al. reported that all three systems have anisotropic characteristics, confirming 
the hypothesis that build direction was an important parameter to consider in reference to 
mechanical properties.23 Additionally, results showed that the compressive strength in FDM was 
the largest of all techniques tested.23 
 
There are significant differences in mechanical properties between samples with different 
layer orientation in additive manufacturing processes. A study conducted by Vega et al. tested 
the hypothesis that layer orientation has an effect on the mechanical properties of a polymer.25 
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The 3D Printing machine, Z510 Full Color System, was used to produce samples utilizing inkjet 
printing. The inkjet used ZPTM 130 powder, composed of vinyl polymer, sulfate salt, and 
plaster, then treated the printed structure with ZPTM 58 and coated with Z-BondTM 101.25 
Flexural and tensile strength of seven layer orientations were found using tensile and three-point 
bend testing.25 The mechanical properties of the samples were largely dependent on the 
relationship with the coating and the layer orientation.25 The layer orientation was either suitable 
to allow coating to flow through the cracks creating a stronger sample, or it was not.25 The 
coating flowed through layer orientation best when it was applied parallel to it.25 In addition, the 
rougher the surface of the sample prior to coating, resulted in a better surface for coating.25 
 
At the University of Texas at El Paso, Torrado et al. tested the hypothesis that varying 
additives in ABS reduces the change in effects between orientations.26 In this experiment, ABS 
was combined with plant fibers, metal oxides and other polymers creating four different blends. 
ABS was also mixed with two different ratios of styrene ethylene butadiene styrene (SEBS).26 In 
addition two combinations of ABS, SEBS, and ultra-high molecular weight polyethylene 
(UHMWPE) were tested.26 Each polymer combination was tested at two layer orientations; 
horizontal (XYZ) and vertical (ZXY).26 The experiment concluded that the polymer blend of 
ABS, SEBS, and UHMWPE was the most successful at reducing anisotropy of ultimate tensile 
strength due to a lower complex velocity above the glass transition temperature, creating stronger 
layer to layer bond. As a result, failure did not happen between layers, but rather occurred within 
layers.26   
 
Piotr Dudek and the mechanical and robotics engineering department at AGH University 
of Science and Technology in Poland conducted an experiment to expand the types of filaments 
compatible with FDM using composite blends in the system.27 The experiment was conducted 
using a ceramic-polymer composite of equal parts hydroxyapatite and powder form of 
polyamide.27 The composite was successfully applied to the FDM process, meaning that it was 
able to be processed and printed. According to the article, Dudek will focus on developing metal 
composites, as well as mechanically characterizing these new composites.27  
 
Based on this review of the literature, the most substantial factors that affect mechanical 
properties are layer orientation and interlayer bonding. Previous research on the effect of layer 
height on mechanical properties is minimal. Therefore, the focus on this project was centered on 
mechanical testing of FDM printed ABS parts with varying layer heights to fill that void. 
  
14 
 
CHAPTER 4: METHODOLOGY  
The goal of this project was to measure mechanical properties (tensile and flexural 
strength), of FDM printed ABS samples at varying layer heights. This chapter details the process 
in which this project was conducted. Table 2 was the timeline for this project.  
 
1. Generate Samples for Testing 
2. Characterized the Mechanical Properties of 3D printing Specimens  
3. Evaluate Results of Mechanical Testing   
Table 3 - Project Timeline 
Term 
Stage of 
Project 
Week Number 
1-
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
A Research 
Literature  
                
B Print 
Samples  
                
B-C 
Flexural 
and 
Tensile 
Strength 
Testing 
                
C 
Data 
Evaluation 
and 
Calculation  
                
C-D 
Formal 
Written 
Report 
                
 
4.1 Generate Samples for Testing 
Stage one in this project was printing samples for mechanical testing on FDM printed 
ABS at different layer heights. Specifically, two mechanical properties were measured in this 
project: tensile and flexural strength. For each mechanical property there were four layer heights 
printed: 100, 200, 300 and 400 𝜇m.  
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The machine used to generate the samples was a MakerBot Replicator 2X. SolidWorks 
files of the specimens were sliced with MakerBot software and uploaded onto a sim card. Images 
of the SolidWorks files for both flexural and tensile sample shapes are shown below in Table 4. 
Once the file had been uploaded onto the sim card it was placed into the MakerBot Replicator 
2X. The time required to heat the print bed to 115 °C and the extruder to 225 °C took 
approximately ten minutes. The print time ultimately depended on the layer height: the smaller 
the layer height, the longer the print took. The size of the sample also had an effect on the print 
time, with larger samples requiring more time. After the print was completed, the machine was 
cooled to room temperature before proceeding with another print. 
Table 4 - Sample Specifications 
Modulus of Rupture (Flexural Strength) Three Point Testing D790
28 
Standard Bar (Rectangular Prisim) 
Length  64 mm 
Width 12.7 mm 
Thickness 3.2 mm 
 
     
 
Tensile Strength Dog Bone Testing D63829 
Dog Bone Bar (Type V) 
Length of Testing Area  9.53mm 
Width of Testing Area 3.18 mm 
Thickness  3.2 mm 
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The table above provides the specific dimensions and shapes for the samples. The 
dimensions of type of samples were calculated using the ASTMs. The sample sizes were kept as 
close to one another as possible to avoid reults that could be skewed by large differnces in 
dimensions.  
4.2 Characterized the Mechanical Properties of 3D printing Specimens 
4.3.1 Safety Precautions  
 The safety requirements for this project are limited but serious. Safety goggles and 
gloves should be worn while using the 3D printer and mechanical testing machines. All 
extremities need to be out of the way during all testing because of the nature of mechanical 
failures.  
4.3.2 Industry Standard Mechanical Testing  
Standard test practices will be followed in accordance with the standards set forth by the 
American Society for Testing and Materials, also known as ASTM, using an Instron 5567A 
Machine. Five samples of layer height 300 µm were printed. If the print was successful, meaning 
no failures unrelated to the samples, such as mechanical issues with the Instron machine, testing 
was continued by producing five samples for layer heights of 100, 200, and 400 𝜇m. This 
process of sampling one layer height before printing all layer height samples saves materials 
compared to printing all samples at once if mechanical failure did occur. This process was done 
for all mechanical tests. For detailed stepwise methodologies, please look at their document 
numbers listed in Table 4.  
 
For flexural testing, the standard bar samples were loaded into the Instron machine, with 
two support rods adhered to the base with a radius of 6.25 mm each. The supports were 6.4 mm 
away from each end of the sample. A support rod of the same size, was be placed on top of the 
sample, half way between the total distances between the two bottom support rods. The rate of 
the crosshead was calculated using 𝑅 =
𝑍𝐿2
6𝑑
, where Z is the rate of straining of the outer fiber 
which is equal to 0.01 according to ATSM D790, L is the length between support rods, and d is 
the depth of the beam. R was calculated to be 1.365
𝑚𝑚
𝑚𝑖𝑛
. The Instron BlueHill software was 
programmed to run the flexural testing and collect load deflection data. The test was terminated 
when the maximum strain in the outer surface of the test specimen reached 0.05 mm/min or a 
break occurred.  
 
For tensile testing, the dog bone samples were loaded into the Instron machine. The 
machine had two grips, one attached to the crosshead and one to the base of the machine. The 
BlueHill program was programmed to run a tensile test, with a loading rate of 1 
𝑚𝑚
𝑚𝑖𝑛
 according to 
ASTM D638. The program recorded the load extension curve of the specimen and the load and 
extension at the yield point.  
17 
 
4.4 Evaluate Results of Mechanical Testing  
The data collected from the series of mechanical tests was used to determine the effect 
layer height has on mechanical properties. The conclusions drawn from the data will contribute 
to the literature that has already been published on establishing the effect of layer height.  
 
The maximum flexural stress was calculated by taking the load deflection data and 
solving for the following equation: 
𝜎𝑓 =
3 𝑃𝐿
2 𝑏𝑑2
 
 
where P is the load at a given point on the load-deflection curve, L is the length of the support 
span, b is the width of the standard bar tested, and d is the depth of the bar tested.  
 
The tensile strength was calculated by taking the load and extension at the yield point and 
dividing the two. The raw data collected by the program were plotted on a stress verse strain 
graph to ensure consistency of the values.  
  
18 
 
CHAPTER 5: RESULTS & DISCUSSION 
5.1 Quality of FDM Printed Samples 
The MakerBot Replicator 2X proved difficult to operate during this project. During the 
month of February 2016, the machine would extrude ABS filament for some amount of time, 
ranging from barely one layer to multiple layers, then fail to complete prints. Different types of 
failures would occur; the extruder would clog or the samples would not stick to the print bed. 
Figure 6 below shows two different types of failures seen while printing samples.  
  
       
Figure 6 - Failed FDM printed ABS samples 
The lack of consistency from the SolidWorks file to the finished produced varied between layer 
heights. Increasing layer height resulted in a decrease in the quality, meaning more voids and 
less consistency, of the print. The largest difference in quality was between layer heights 300 𝜇m 
and 400 𝜇m, where the change is significantly more noticeable than between 300/200 𝜇m and 
200/100 𝜇m. Below are the images comparing the 400 to 100 𝜇m layer height difference in the 
flexural sample (standard bar) and the tensile sample (dog bone).  
19 
 
    
 
 
Figure 7 - Tensile strength dog bone samples layer height 400 𝜇m on the top and 100 𝜇m on the bottom 
20 
 
   
 
 
Figure 8 - Flexural strength standard bar samples layer height 400 𝜇m on the top and 100 𝜇m on the bottom 
Extruded parts are different than cast or molded parts. The build process is much more 
susceptible to changes from original dimensions compared to other methods. Extruded parts are 
vulnerable to failures at each layer. The relationship between quality and layer height is 
consistent with the theory that the thick layer being deposited is less precise than a finer layer.  
This provides researchers with additional evidence that layer height is an important parameter.   
5.2 Flexural Strength Testing 
Flexural testing was performed under the design specifications detailed in ASTM D790. 
Figure 9 shows the testing setup just before testing began. The support beams have a radius of 
21 
 
6.25 mm. The bottom beams are 51.2 mm apart from each other. The top support beam is 25.6 
mm from each bottom beam. Force was applied to the smallest dimension.  
 
 
Figure 9 - Testing apparatus 
To see images of the setup of the support beams and markings on the samples, refer to the 
appendix. Figure 10 below illustrates the typical failure seen in flexural strength testing. These 
images are of a sample with a layer height of 200 𝜇m. Fracture occurs directly below the upper 
support beam.  
22 
 
      
Figure 10 - Flexural failure of sample 5 at layer height 200 𝜇m 
Below is the comparison of the average flexural strength values, in MPa of each of the 
four layer heights. Each point is the average of the 6 samples tested. Included in the graph are the 
standard error bars at a 95% confidence level.  
 
 
Figure 11 – Average of flexural strength at maximum load (MPa) of the four different layer heights studied and the 
standard error 
Based on the results in Figure 11, the optimal layer height is 200 𝜇m because it has the 
largest flexural strength. The low standard error gives confidence in the accuracy of the results. 
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Figure 11 shows a parabolic trend in the data, with the 200 𝜇m data point being the peak and 100 
and 400 𝜇m data points having similar values. This trend supports the claim that 200 𝜇m is the 
optimal layer height because it is the flexural strength maximum point. In addition the following 
table that includes the extension at maximum flexural load and the load maximum at flexure load 
for each layer height, including each values standard error. Overall, the samples of layer height 
of 400 𝜇m have the lowest values for flexural strength and the highest standard error values. The 
decrease in flexural strength between layer heights 200 𝜇m and 400 𝜇m leads us to conclude, 
with a degree of confidence, that layer height has an effect on flexural strength. 
Table 5 - Flexural strength data of the four layer heights tested and the standard error 
Layer Height 
Load at Maximum 
Flexure load 
Flexural stress at 
Maximum Flexure 
load 
Extension at 
Maximum Flexure 
load 
(𝜇m) (N) (MPa) (mm) 
100 32.31 ± 0.37 19.08 ± 0.22 2.21 ± 0.07 
200 37.2 ± 0.75 21.97 ± 0.44 3.04 ± 0.04 
300 34.32 ± 1.21 20.27± 0.72 3.62 ± 0.12 
400 22.51 ± 2.16 13.29 ± 1.27 3.29 ± 0.16 
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The following figure is a graph of the load versus extension curves for four different 
layer heights. The sample numbers of each set are labeled below each graph. These are 
representative of the data. Load vs. extension curves for all samples are provided in the 
appendix.   
 
 
Figure 12 - Comparison of load verses extension curves of a representative sample from each layer height of flexural 
strength testing 
There is a substantial difference between the results in this project and the flexural 
strength of 53-73 MPa range that is typically found with ABS. This is caused by the failures that 
occur due to weak bonding between layers. Research should be done to further explore this 
challenge.  
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5.3 Tensile Strength Testing  
The tensile strength testing apparatus setup shown in Figure 13 below was in accordance 
with the design specifications detailed in ASTM D6380. The middle image is just before the start 
of the test. The top fixture is attached to a rotatable piece that is designed to eliminate torque.  
 
     
Figure 13 - Tensile strength testing apparatus 
To see more images of the tensile strength testing apparatus, please refer to the appendix. 
Figure 14 below illustrates the typical failure seen in flexural testing. These images are of sample 
5 with a layer height of 200 𝜇m. The point of fracture is within the testing area, which is the 
narrowest part of the sample.  
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Figure 14 - Tensile strength sample 5 at layer height of 200 𝜇m 
Two examples of failed tensile sample are shown below in Figure 15. These are failures 
because the location of the break is not within the testing area (the narrowest part of the sample). 
All samples that experienced this type of break are not included in the tensile strength data 
discussed.  
 
Figure 15 - Failed tensile strength at layer height of 100 𝜇m samples 1&5 
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Below are the comparison of the average tensile strength values, in MPa, and the standard 
deviation of each of the four layer heights. Each point is the average of the 6 samples tested. 
Included in the graph are the standard error points that have a 95% confidence.  
 
 
Figure 16 - Average of tensile strength at maximum load (MPa) of the four different layer heights studied and the 
standard error 
The tensile strength results are similar to the flexural strength results. The optimal layer 
height is 200 𝜇m because it has the highest tensile strength. The larger standard error shown in 
the 200 𝜇m sample set is caused by one outlying value (see table 12 in appendix). The loading 
rate was changed from 1 mm/min to 10 mm/min according to ASTM D638. The change was 
made after a large number of samples experienced plastic deformations at the low loading rate. 
Table 6 includes the maximum load, extension at maximum load, cross sectional area, and 
tensile stress at maximum load for each layer height.  
Table 6 - Flexural strength data of the four layer heights tested and the standard error 
Layer Height Maximum Load 
Extension at 
Maximum Load 
Tensile stress at 
Maximum Load 
(𝜇m) (N) (mm) (MPa) 
100 170.66 ± 9.21 0.73 ± 0.01 16.77 ± 0.91 
200 222.47 ± 14.70 0.64 ± 0.04 21.86 ± 1.44 
300 170.10 ± 3.59 0.76 ± 0.01 16.80 ± 0.35 
400 136.85 ± 13.60 0.75 ± 0.09  13.45 ± 1.34 
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The following figure is a graph of the load verses extension curve for four different layer 
heights. The sample numbers of each set are labeled below each graph. These are representative 
of the data. The graphs of all samples are shown in the appendix. The graph for layer height 400 
𝜇m includes all three acceptable testing results because they differ too much for one to be 
representative of the rest.   
 
 
Figure 17 - Comparison of load verses extension curves of a representative sample from each layer height of tensile 
strength testing 
There is a difference between the results in this project and the tensile strength of 26-50 
MPa range that is typically found with ABS. This is caused by low weld strength that is typical 
in 3D printed parts. However, the difference between the project data and typical ABS data is 
less for tensile strength than flexural strength. Based on what has been seen in this project, that is 
caused by the shape of the specimen. ATSM D638 had stricter guidelines for the size of the 
sample than ASTM D790 which led to less variation in the data. For future research, it is 
recommended to use a higher loading rate to avoid plastic deformation and to obtain usable data 
from larger number of samples to have higher confidence in conclusions.  
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CHAPTER 6: CONCLUSION 
The MakerBot Replicator 2X machine designed for FDM has proved to be inconsistent, 
having periods of time where the machine refused to print. The consistency of prints increases as 
the layer height decreases, whereas the number of voids increases as layer height increases. The 
highest values of flexural and tensile strength are found in the optimal layer height of 200 𝜇m. 
The results obtained through this project show that there is a need for further research, both of 
FDM and ABS.   
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APPENDIX  
Types of 3D Printers  
 
Figure 18 - Types of additive manufacturing & characteristics30 
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Sample Dimensions 
 
 
Figure 19 - ASTM D638 Type V 29 
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Flexural Testing Set Up  
 
Figure 20 - Support beam set up 
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Figure 21 - Marking location of support beams 
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Figure 22 - Marking location of middle support beam 
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Flexural Strength Result Graphs 
 
Figure 23 - Flexural strength results of layer height 100 𝜇m 
Table 7 - Flexural strength data at layer height of 100 𝜇m of the 6 samples tested 
Sample Number 
Load at Maximum 
Flexure  
Flexural stress at 
Maximum Flexure 
load 
Extension at 
Maximum Flexure 
load 
 (N) (MPa) (mm) 
1 31.53 18.62 2.51 
2 33.17 19.59 2.30 
3 33.58 19.83 2.24 
4 31.98 18.89 2.12 
5 32.36 19.11 2.07 
6 31.25 18.45 2.02 
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Figure 24 - Flexural strength results of layer height 200 𝜇m 
Table 8 - Flexural strength data at layer height of 200 𝜇m of the 6 samples tested 
Sample Number 
Load at Maximum 
Flexure  
Flexural stress at 
Maximum Flexure 
load 
Extension at 
Maximum Flexure 
load 
 (N) (MPa) (mm) 
1 34.94 20.63 2.89 
2 36.13 21.34 3.17 
3 38.95 23.00 3.06 
4 36.39 21.49 2.98 
5 36.95 21.82 3.07 
6 39.81 23.51 3.08 
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Figure 25 - Flexural strength results of layer height 300 𝜇m 
Table 9 - Flexural strength data at layer height of 300 𝜇m of the 6 samples tested 
Sample Number  
Load at Maximum 
Flexure 
Flexural stress at 
Maximum Flexure 
load 
Extension at 
Maximum Flexure 
load 
 (N) (MPa) (mm) 
1 39.83 23.52 4.16 
2 35.44 20.93 3.61 
3 32.72 19.32 3.24 
4 33.58 19.83 3.59 
5 32.47 19.18 3.54 
6 31.87 18.82 3.59 
 
 
Figure 26 - Flexural strength results of layer height 400 𝜇m 
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Table 10 - Flexural strength data at layer height of 400 𝜇m of the 6 samples tested 
Sample Number 
Load at Maximum 
Flexure 
Flexural stress at 
Maximum Flexure 
load 
Extension at 
Maximum Flexure 
load 
 (N) (MPa) (mm) 
1 15.86 9.37 3.11 
2 20.90 12.34 2.94 
3 20.61 12.17 3.04 
4 20.75 12.26 3.15 
5 25.69 15.17 3.97 
6 31.22 18.44 3.56 
 
 
 
 
42 
 
Tensile Testing Apparatus  
 
Figure 27 - Top load cell tensile testing 
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Figure 28 - Full view of tensile testing apparatus 
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Tensile Strength Result Graphs 
 
 
Figure 29 - Tensile strength results of layer height 100 𝜇m 
Table 11 - Tensile strength data at layer height of 100 𝜇m of the 6 samples tested 
Sample Number Maximum Load 
Extension at 
Maximum Load Area 
Tensile stress 
at Maximum 
Load 
 (N) (mm) (mm^2) (MPa) 
1 153.97 1.12 10.18 15.13 
2 152.09 0.75 10.18 14.95 
3 157.10 0.76 10.18 15.44 
4 165.20 0.68 10.18 16.23 
5 182.69 0.72 10.18 17.95 
6 196.23 0.74 10.18 19.28 
 
The failure experienced Sample numbers 1 & 5 are highlighted in red text because the fracture 
that occurred was outside of the testing zone, therefore they are not allowed to be considered 
tensile data but rather load to failure data. 
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Figure 30 - Tensile strength results of layer height 200 𝜇m  
Table 12 - Tensile strength data at layer height of 200 𝜇m of the 6 samples tested 
Sample Number Maximum Load 
Extension at 
Maximum Load Area 
Tensile stress 
at Maximum 
Load 
 (N) (mm) (mm^2) (MPa) 
1 287.65 0.83 10.18 28.27 
2 218.75 0.65 10.18 21.50 
3 196.88 0.55 10.18 19.35 
4 204.72 0.63 10.18 20.12 
5 209.78 0.58 10.18 20.62 
6 217.04 0.63 10.18 21.33 
Sample number 2 is highlighted in red text because the fracture that occurred was outside of the 
testing zone, therefore it is not allowed to be considered tensile data but rather load to failure 
data. 
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Figure 31 - Tensile strength results of layer height 300 𝜇m 
Table 13 - Tensile strength data at layer height of 300 𝜇m of the 6 samples tested 
Sample Number Maximum Load 
Extension at 
Maximum Load Area 
Tensile stress 
at Maximum 
Load 
 (N) (mm) (mm^2) (MPa) 
1 166.25 0.77 10.18 16.34 
2 172.65 0.78 10.18 16.97 
3 173.94 0.79 10.18 17.09 
4 164.09 0.75 10.18 16.12 
5 162.37 0.72 10.18 15.96 
6 181.28 0.75 10.18 17.81 
Sample numbers 2 & 4 are highlighted in red text because the fracture that occurred was outside 
of the testing zone, therefore they are not allowed to be considered tensile data but rather load to 
failure data. 
 
 
Figure 32 - Tensile strength results of layer height 400 𝜇m 
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Table 14 - Tensile strength data at layer height of 400 𝜇m of the 6 samples tested 
Sample Number Maximum Load 
Extension at 
Maximum Load Area 
Tensile stress 
at Maximum 
Load 
 (N) (mm) (mm^2) (MPa) 
1 144.87 0.78 10.18 14.24 
2 131.16 1.01 10.18 12.89 
3 141.27 0.75 10.18 13.88 
4 94.79 0.58 10.18 9.315 
5 142.85 0.78 10.18 14.04 
6 166.16 0.61 10.18 16.33 
Sample numbers 2, 3 & 5 are highlighted in red text because the fracture that occurred was 
outside of the testing zone, therefore they are not allowed to be considered tensile data but rather 
load to failure data. 
